Abstract -The objective of this work was to estimate genetic gains in physic nut (Jatropha curcas) using selection indexes and to establish the best selection strategy for the species. Direct and indirect selection was carried out using different selection indexes, totalizing 14 strategies. One hundred and seventy five families from the active germplasm bank of Embrapa Agroenergy, Brasília, Brazil, were analyzed in a randomized complete block design with two replicates. The evaluated traits were: grain yield; seeds per fruit; endosperm/ seed ratio; seed weight, length, width, and thickness; branches per plant at 0.5, 1.0, and 1.5 m; plant height; stem diameter; canopy projection on rows and between lines; canopy volume; juvenility (days to the first flowering); and height of the first inflorescence. Evaluations were done during the second year of cultivation. The use of selection indexes is relevant to maximize the genetic gains in physic nut, favoring a better distribution of desirable traits. The multiplicative and restrictive indexes are considered the most promising for selection.
Introduction
Jatropha curcas L., also known as physic nut, is a perennial monoecious species belonging to the Euphorbiaceae family. The species is believed to be originary from Central America, but grows spontaneously in several regions of Brazil . Due to its high oil content and potential productivity, physic nut is now seen as a potential crop to meet the requirements of the Brazilian National Program for Production and Use of Biodiesel. Moreover, it is well suited for the cultivation of degraded areas and for family farming.
Pesq. agropec. bras., Brasília, v.47, n.3, p. 402-408, mar. 2012 Genetic breeding programs of physic nut are being implemented around the world. In Brazil, a breeding program is currently held by Embrapa. This program was initiated by collecting physic nut seeds across the country. The seeds were then used to implement a large germplasm bank. Following these initial procedures, genotypes are being phenotypically and molecularly characterized. These evaluations have allowed for the acquisition of knowledge on the narrow genetic basis of physic nut in Brazil Laviola et al., 2010 Laviola et al., , 2011 .
Recently, the most promising genotypes -based on initial yield evaluations -were intercrossed, and selection among and within families, as well as on the germplasm bank itself, is being carried out by Embrapa's breeding program. The election procedure used is based on the best linear unbiased prediction (Blup) for estimating genotypic genetic values, considering one trait at a time. However, in order to develop improved physic nut cultivars, breeders have to consider a number of traits simultaneously, such as productivity, plant architecture and height, among others.
In plant breeding programs, the possibility to predict genetic gains using different selection strategies is one of the main contributions of quantitative genetics. Selection strategies make it possible to more effectively orient the breeding process, to predict the result of the adopted selective scheme, and to decide, on a scientific basis, as to the breeding efficiency. The use of selection indexes is an effective strategy to obtain simultaneous gains in several traits, since it enables the combination of multiple desirable characters during selection (Cruz et al., 2004; Bhering et al., 2011) .
The objective of this work was to estimate genetic gains of physic nut using different selection indexes, and to establish the best selection strategy for the species.
Materials and Methods
One hundred seventy-five families of physic nut from the active germplasm bank of Embrapa Agroenergy were evaluated in the 2009 crop year at Embrapa Cerrados, Planaltina, DF, Brazil (15°35'30''S and 47°42'30''W, at 1,007-m altitude). According to Köppen-Geiger, the climate of the region is of the Aw type, tropical with dry winter and rainy summer. The temperature ranges from 16.4 to 28.4°C (average of 22ºC) and the relative humidity from 42.0 to 91.2% (average of 73%). Total annual rainfall is around 1,089.4 mm. The soil used was classified as an Oxisol with high clay content. For further information on the germplasm bank see Dias et al. (2007) .
The experiment was established using a randomized complete block design with two replicates and five plants per plot, arranged in rows (4x2-m spacing). During the second crop year, phenotypic evaluations of the accessions were performed considering reproductive and vegetative traits, according to the development of the plants . The evaluated traits were: grain yield (g); weight of 100 seeds (W 100 , g); number of seeds per fruit (NSF); ratio between endosperm and seed (E/S); seed length (SL, mm), width (SW, mm), and thickness (ST, mm); number of branches per plant at 0.5 (TNB 0.5 ), 1.0 (TNB 1.0 ), and 1.5 m (TNB 1.5 ); plant height (m); stem diameter (SD, mm); canopy projection on the row (CP R , m) and between lines (CP BL , m); canopy volume (CV, m 3 ); juvenility, measured as the number of days to the first flowering (NDF, days); and height of the first inflorescence (HFI, m). Canopy volume was estimated by the approximation of the volume of a cylinder, with elliptical base, using the formula described by Laviola et al. (2010) . The evaluations were done from November 2009 to July 2010.
The statistical model used considered the complete randomized block design, with information within the plots, as (Cruz, 2006) : Y ijk = µ + g i + b j + ε ij + δ ijk , in which Y ijk is the observation of the k th individual, evaluated in the i th genotype of the j th replicate; µ is the overall mean of the experiment; g i is the effect of genotype i; b j is the effect of block j; ε ij is the effect of plot ij; and δ ijk is the effect of the k individual, of the i th genotype on the j th block. The genotypic and phenotypic correlations were estimated between the 17 evaluated traits. In addition, based on the phenotypic and genotypic covariance matrices, prediction of genetic gains was done using different methodologies. To calculate the predicted genetic gain, the following estimator was used: SG = h 2 × SD, in which SG is the selection gain; h 2 is the heritability of the trait; and SD is the selection differential, obtained by the average of the selected individuals minus the average of the original population.
For the estimation of direct and indirect selection effects, six variables with greater relevance to the breeding program were selected. The following eight methodologies were used for gain estimation: classic index proposed by Smith (1936) and Hazel (1943) ; sum of ranks index (Mulamba & Mock, 1978) ; base index (Williams, 1962) ; multiplicative index (Subandi et al., 1973) ; free weights and parameters index (Elston, 1963) ; index based on desired gains (Pesek & Baker, 1969) ; restricted index (Kempthorne & Nordskog, 1959) ; and genotype-ideotype distance index (Cruz, 2006) . Generally, a linear index can be represented by I = b1 × 1 + b2 × 2 + ... + bnXn, in which: I is the selection index obtained through the simultaneous analysis of n variables; and b is the n × 1 vector dimension of the weightings of the index to be estimated, i.e., the average of n variables.
To predict the genetic gains, a selection intensity of 20% of the families was used, i.e., from the 175 evaluated families, the best 35 were selected by the different methodologies adopted.
Results and Discussion
A significant difference was observed for 13 of the 17 evaluated variables (Table 1) . Since significant variability between families is essential for genetic progress, the variables NSF, E/S, TNB 0.5 , and TNB 1.0 were not used in the estimations of genetic gain. The estimated genetic variability for the components of production, in the present study, does not agree with the low genetic diversity quantified using molecular markers on the physic nut collection worldwide (Achten et al., 2010; Rosado et al., 2010) . This may be related to a possible dissociation of the neutral molecular markers used in these studies with the genes that control production traits. Studies on morphological traits related to production have highlighted the existence of genetic diversity in physic nut in Brazil and worldwide. Ginwal et al. (2004) detected genetic variability of physic nut as to seed morphology, germination, growth traits, and oil yield. In Brazil, Abreu et al. (2009) found significant genetic variability between ten accessions evaluated in the state of Mato Grosso do Sul as to four morphological traits. Laviola et al. (2010 Laviola et al. ( , 2011 ) also reported the existence of genetic variability in physic nut as to different traits related to production, measured in young plants.
The value of the observed phenotypic correlation ranged from 0.4089, between TNB 1.0 and NDF, to 0.985, between HFI and E/S (Table 2) . Genetic correlations showed a similar trend to the phenotypic ones. Similar results were observed in young and adult (Spinelli et al., 2010) plants. Genotypic correlation values may be used to guide genetic breeding programs, if they reflect the fraction of the phenotypic expression of the two traits of co-heritable nature Table 1 . Synthesis of the analysis of variance of 175 families of Jatropha curcas, and estimations of genetic and phenotypic parameters of the variables: grain yield (g), weight of 100 seeds (W 100 , g), number of seeds per fruit (NSF), ratio between endosperm and seed (E/S), seed length (SL, mm), seed width (SW, mm), seed thickness (ST, mm), total number of branches per plant at 0.5 m (TNB 0.5 ), 1.0 m (TNB 1.0 ), and 1.5 m (TNB 1.5 ), plant height (m), stem diameter (SD, mm), canopy projection on the row (CP R , m) and between lines (CP BL , m), canopy volume (CV, m 3 ), number of days to the first flowering (NDF, days), and height of the first inflorescence (HFI, m)
(1) . ns Nonsignificant.**Significant at 1% probability. (Resende, 2002) . Therefore, the selection on trait "x" may foster alterations on trait "y". For example, in order to obtain truly superior genetic material, it is necessary for a series of favorable attributes to be simultaneously present in the selected material, in order to ensure great yields and customer satisfaction as to quality demands (Cruz et al., 2004; Bhering et al., 2011) . Knowledge on genotypic correlations between physic nut traits is especially important on the definition of selection criterion for economically important traits and for the construction of multi-trait selection indexes . Grain yield showed a positive correlation of mid to high magnitude with the character traits CV, CP BL , CP R , and TNB 1.5 ( Table 2 ), indicating that direct selection for grain yield will also increase canopy volume and diameter. This information is relevant to predict canopy architecture of cultivars and the necessary adjustments in the production system (i.e. adjusting harvesting machine size and capacity).
However, the variables yield and W 100 showed negative and low magnitude correlations, indicating a tendency of the more productive plants to produce smaller and lighter grains. Moreover, there are reports of positive correlation between grain weight and oil yield (Ginwal et al., 2004; Kaushik et al., 2007; Rao et al., 2008; Spinelli et al., 2010) , which, if confirmed, can lead to reduced oil content after several selecting cycles for grain yield. Therefore, the use of selection indexes is important to avoid significant reduction in W 100 due to genetic breeding for grain yield.
Based on the results of the analysis of variance and correlation, and considering the traits of greater interest to breeding, six variables were selected for gain prediction by the different methodologies adopted for direct and indirect selection, with the use of selection indexes (Table 3) . The prediction gains, by applying a selection intensity of 20%, varied from 3.05 to 81.43%, indicating the importance of selecting the best methodology to obtain greater gains. Based on direct selection for yield, a total gain of 74.2% was obtained, of which 36.9% was represented by gains in yield. However, using this strategy, there was no gain in W 100 ; in fact, a slight tendency of reducing grain weight was observed, which could lead to the indirect reduction of oil content over several selection cycles. For the remaining traits, the gain was positive: around 18% for canopy volume and approximately 6% for the other traits. Table 2 . Phenotypic correlations (above the diagonal) and genetic correlation (below the diagonal), in the analysis of 175 families of Jatropha curcas, between the evaluated traits: grain yield (yield), weight of 100 seeds (W 100 ), number of seeds per fruit (NSF), ratio between endosperm and seed (E/S), seed length (SL), seed width (SW), seed thickness (ST), total number of branches at 0.5 m (TNB 0.5 ), 1.0 m (TNB 1.0 ), and 1.5 m (TNB 1.5 ), height, stem diameter (SD), canopy projection on the row (CP R ) and between lines (CP BL ), canopy volume (CV), number of days to the first flowering (NDF), and height of the first inflorescence (HFI). * and **Significant at 5 and 1% probability by the t test, respectively.
As expected, direct selection for W 100 did not foster gains in grain yield, which showed a decrease of 4.24%. Total gain with direct selection on W 100 was only of 3.05%, which was the lowest predicted gain considering the different traits and methodologies. To increase the gains in W 100 , it is necessary to apply lower selection intensities or to introduce variability in the breeding population.
Considering direct selection based only on one trait and indirect gain on the remaining variables, the selection for CV provided the greatest predicted gain (76.03%). However, in this case, the indirect gain in grain yield was only of 19.73%. Therefore, despite providing better gains, the direct selection for CV would not be an adequate strategy for breeding programs that aim to select plants with high grain and oil productivity.
The classic index proposed by Smith (1936) and Hazel (1943) consists in a linear combination of several traits of economic importance. For the elaboration of this index, coefficients of genetic variation for each trait were used as economic weights, according to Cruz (1990) . The total gain predicted by this methodology was of 69.46%, and the total and indirect gains for all traits were inferior to the one obtained by direct selection in yield. Therefore, the adoption of this index is not interesting for breeding programs.
The selection index of Mulamba & Mock (1978) involves ranking the evaluated genotypes in an order that is favorable to breeding, according to each trait. Once ranked, the orders of each genotype are added, resulting in an additional measurement (sum of ranks). This index has been suggested for several crops, such as popcorn Freitas Júnior et al., 2009 ), passion fruit (Gonçalves et al., 2007 , and potato (Barbosa & Pinto, 1998) . In the present work, the methodology provided a gain of 76.05%, the third best result using indexes. It should be noted that none of the traits showed a negative gain, which is also interesting, considering the objective is to obtain elevated gains for all the assessed variables.
The base index (Williams, 1962) does not require the use of genotypic and phenotypic variance and covariance matrixes -which can be imprecise -, and uses only economic weights to compose the index, with linear combinations of average phenotypic values. In the present study, the adoption of this index provided a total predicted gain of 74.2%, and the estimated values for all traits were equal to the direct selection for grain yield. The coefficient of genetic variation was used as an economic weight, as proposed by Smith (1936) and Hazel (1943) .
The methodology proposed by Subandi et al. (1973) , known as the multiplicative index, enabled the greatest gains. According to this methodology, it is not necessary to establish an economic weight or to use a phenotypic and genotypic covariance matrix. This index causes the distribution of gains throughout the variables, increasing total gain (81.43%). Moraes Neto (2006a Neto ( , 2006b Neto ( , 2008 , while evaluating Pinus, identified this index as the best alternative for selection, as it enabled Table 3 . Predicted selection gains (%) for the different strategies adopted, considering the six traits of interest: yield, weight of 100 seeds (W 100 ), total number of branches (TNB 1.5 ), canopy projection on the row (CP R ), canopy projection between lines (CP BL ), and canopy volume (CV). a greater total gain and a greater balance in the gains of improving traits. Another tested methodology was the index free of weights and parameters (Elston, 1963) . Similarly to the multiplicative index, this methodology does not require a phenotypic and genotypic covariance matrix or weight establishment. Despite the advantages of this method, total predicted gain was inferior to the ones observed for the previous methodologies. It is important to highlight that this index showed the greatest gain for the W 100 trait, except for direct selection. Therefore, this index seems to be promising to increase the gains in this trait, without major losses in others.
The index proposed by Pesek & Baker (1969) uses desired gains for each trait as values equivalent to the standard deviation (Crosbie et al., 1980; Vieira, 1988) . The index provided gains of only 17%, the lowest value of all selection index strategies evaluated. It is worth mentioning that, using this index, traits related to grain yield, such as CP R , CP BL , and CV, showed negative gains. These unsatisfactory results confirm those obtained by Suwantaradon et al. (1975) , Kauffmann & Dudley (1979) , and Crosbie et al. (1980) . When the restricted index (Kempthorne & Nordskog, 1959) was used, the restriction was assigned to the variable W 100 , so as not to allow negative gains due to its negative correlation with grain yield. Besides this restriction, the coefficient of genetic variation was adopted as the economic weight to form the index. The prediction of total genetic gain by this index was 67.47%, lower than the ones of the other methodologies. However, the restricted index provided the largest gain in grain yield (31.88%), without negative impact in grain weight. Considering the positive correlation between grain weight and oil content (Ginwal et al., 2004; Kaushik et al., 2007; Rao et al., 2008; Spinelli et al., 2010) , this methodology can be an interesting option to improve grain yield without affecting other production components.
The genotype-ideotype distance methodology (Cruz, 2006) provided gains of 79.21%, lower only than the one provided by the multiplicative index. The gains were well distributed among the variables, showing that the methodology has the potential to be used in physic nut breeding programs. Moraes Neto & Melo (2006a , 2006b ) reported satisfactory results using this index for Pinus caribaea, indicating its potential usefulness for selection in perennial species.
Conclusions
1. The use of selection indexes can provide balanced gains for numerous traits of interest in physic nut.
2. These indexes can guarantee long-term gains in grain productivity, without jeopardizing genetic gains in order traits.
3. Among the evaluated indexes, the ones with best results for physic nut selection are the multiplicative index and the restrictive index.
